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Edited by Michael R. SussmanAbstract We compared the thylakoid membrane composition
and photosynthetic properties of non- and cold-acclimated leaves
from the dgd1 mutant (lacking >90% of digalactosyl–diacylglyc-
erol; DGDG) and wild type (WT) Arabidopsis thaliana. In
contrast to warm grown plants, cold-acclimated dgd1 leaves
recovered pigment-protein pools and photosynthetic function
equivalent to WT. Surprisingly, this recovery was not correlated
with an increase in DGDG. When returned to warm tempera-
tures the severe dgd1 mutant phenotype reappeared. We con-
clude that the relative recovery of photosynthetic activity at
5 C resulted from a temperature/lipid interaction enabling the
stable assembly of PSI complexes in the thylakoid.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The chloroplast thylakoid membrane is perturbed on a
regular basis in the ﬁeld and a high degree of mechanistic
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doi:10.1016/j.febslet.2006.07.081photoinactivation and to sustain plant productivity [1]. Accli-
mation to such environmental change involves modiﬁcation of
the organization and composition of the chloroplast in higher
plants [2]. It has been well established that membrane polar
lipid composition is one of the important factors controlling
the structure and eﬃciency of thylakoid membranes via
speciﬁc lipid–protein interactions and/or the dynamic proper-
ties of the lipid bilayer [3]. The unique lipid composition of
thylakoid membranes is dominated by the two galacto-
lipid headgroups monogalactosyl–diacylglycerol (MGDG)
and digalactosyl–diacylglycerol (DGDG) comprising approxi-
mately 50% and 20% of the total thylakoid acyl lipid content,
respectively. The remaining lipid content is distributed between
the negatively charged, phosphatidylglycerol (PG), a sulfoli-
pid sulfoquinovosyldiacylglycerol (SQDG) and some minor
phospholipid head groups [3]. The molecular shape of each
lipid, determined by both the head group and the fatty acid
chains, in part determines whether it forms bilayer or non-
bilayer (i.e. HII) structures in mixtures with water. The insta-
bility of protein complexes within a thylakoid membrane can
therefore be considered in terms of the ratio of non-bilayer
forming (e.g. MGDG) to bilayer forming (e.g. DGDG, PG,
and SQDG) lipids [4,5]. A high amount of non-bilayer forming
lipids are required to form vesicles and membrane fusion [6,7],
to form highly ordered protein macroarrays [8] and, due to
high curvature stress and/or hydrophobic mismatch in the
hydrophobic core of the membrane, to maintain proteins in
a functional state [9,10].
Much of the growth temperature-related lipid research has
focused on characterizing and manipulating fatty acid desat-
urase expression in order to control the fatty acid composition
of the thylakoid polar lipids. Results have demonstrated that
the degree of lipid polyunsaturation increases with reduced
growth temperature because low temperatures stimulate
desaturase gene expression [11–13]. Arabidopsis mutants
defective in speciﬁc desaturases show variable sensitivity to
low temperature stress relative to wild type. The fab2 desatur-
ase mutant of Arabidopsis is a dwarf with respect to growth
and development at warm temperatures [14], similar to the
dgd1 mutant of Arabidopsis. However, growth of the fab2
mutant at high temperatures ameliorated the fab2 phenotype
without any change in fatty acid desaturation, indicating that
the temperature dependent physical properties of the polar
lipids within the thylakoid membrane can directly aﬀect its
function. In the fab2 desaturase mutant, improvement inblished by Elsevier B.V. All rights reserved.
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nied by changed membrane ﬂuidity, suggesting other non-spe-
ciﬁc eﬀects on the ultrastructure of the thylakoid membranes
within the chloroplast [15,16]. To our knowledge, no studies
have investigated the low temperature response of plants with
a modiﬁed lipid head group composition. Cold acclimation in-
volves, amongst other changes, a decrease in lipid bilayer en-
ergy status (i.e. a decrease in non-bilayer to bilayer formingFig. 1. Photographs of wild type (left) and dgd1 mutant (right) of A. thaliana
of cold acclimation.head group ratios), a higher degree of lipid desaturation of
fatty acids and an increase in total lipid–protein ratios
[12,17–21]. Previous studies have demonstrated the correlation
of non-bilayer-to-bilayer-forming head group ratios (i.e.
MGDG/DGDG) in mediating photosystem activity during
cold acclimation [17,20]. Increasing the ratio of MGDG/
DGDG increases the minimum temperature at which transi-
tion between lamellar phase and gel-to-liquid phase occursduring acclimation to 5 C growth conditions. Numbers deﬁne the day
Table 1
Mean total daily net photosynthetic CO2 ﬁxation (A) for warm grown and 42-day-cold acclimated wild type and dgd1 Arabidopsis plants
Phenotype Warm grown Cold acclimated
Total daily photosynthetic CO2 assimilation, A, mmol CO2 m
2 day1
Temperature (C) 23 23ﬁ 5 5 5ﬁ 23
Wild type 132.5 ± 9.3 57.1 ± 2.8 159.6 ± 9.1 147.3 ± 5.0
dgd1 84.1 ± 5.1 45.8 ± 4.4 163.0 ± 3.8 108.9 ± 12.2
Measurements were made on plant material at their respective growth temperatures or after a shift to 5 C (23ﬁ 5) or 23 C (5ﬁ 23) for 2 days. All
plants were maintained with their normal 8 h photoperiod. Each value is the mean ± S.E. of 3–6 plants from one to two diﬀerent experiments. Each
value is corrected for soil respiration and is expressed on a per leaf area basis.
Fig. 2. Fluorescence parameters estimating the eﬀective quantum yields of electron transport, (UPSII; A, B), regulated thermal dissipation (UNPQ; C,
D), constitutive (Uf,D; E, F) non-photochemical quenching and intrinsic quantum yield of photochemical quenching (Fv/Fm; G, H) for wild type (d)
and dgd1 mutant (s) leaves of A. thaliana acclimated for diﬀerent periods at 5 C. Plants were dark acclimated for 45 min before being measured at
steady-state under 150 lmol quanta m2 s1 at both 23 C (panels A, C, E, G) or 5 C (panels B, D, F, H) for no more than 1 h per leaf. Each point is
the mean ± S.E. of 4–5 leaves.
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to bilayer forming lipid head groups must be variable enough
to maintain thylakoid stability not only during diurnal varia-
tions in temperature but also during longer term cold acclima-
tion.Thylakoid polar lipids, notably DGDG, have been directly
implicated in protein import into chloroplasts [23]. Since
the isolation and characterization of the dgd1 mutant of
Arabidopsis thaliana, lacking 96% of wild type level of DGDG
head group lipids [24], a linear relationship has been
4962 L. Hendrickson et al. / FEBS Letters 580 (2006) 4959–4968established between photosystem II (PSII) function and the
DGDG content of thylakoid membranes [25], the underlying
structural/functional mechanisms of which have been studied
extensively [24,26–29]. Furthermore, recently advances in crys-
tallization of the PSII reaction centre from cyanobacteria have
shown that there are up to 14 lipids bound to PSII, including 4
DGDG and 6 MGDG, and that 11 of these lipids appear to
form a belt around the PSII reaction centre core, separating
it from the antenna [30]. This high lipid composition is sug-
gested to provide the structural ﬂexibility required by the PSII
reaction centre during the D1-repair cycle [30], highlighting the
importance of the thylakoid lipid composition in PSII reaction
centre assembly and function. While less is known of the lipid
composition of PSI, studies also utilizing cyanobacteria have
shown that there are two lipids, one MGDG and one PG,
associated with the psaA and psaB intrinsic core subunits of
the reaction center that bind reaction center cofactors [31].
Fyfe et al. [32] have suggested that these two lipid head groups
may have speciﬁc functional roles in catalyzing the two elec-
tron transfer pathways from the reaction center P700 to the
iron sulfur Fx centers. Two recent studies have also shown that
the Arabidopsis dgd1mutant has impaired structural and func-
tional stability of photosystem I (PSI) [33,34], contributing to a
much higher sensitivity of thylakoid electron ﬂux to photoinac-
tivation of both photosystems in the dgd1 mutant [34]. Thus
the dgd1 mutant, with artiﬁcially increased MGDG/
(DGDG + PG + SQDG) and MGDG/DGDG ratios [24],
could provide a unique insight into the role of these lipid head
group ratios in modulating photosynthetic acclimation to low
temperature. The aims of this study were to investigate the
long-term cold acclimation responses of Arabidopsis plants
with respect to lipid head group composition and to determine
whether the dgd1 mutant, with reduced DGDG content and
thylakoid stability, showed an altered capacity to grow and de-
velop at low temperature.Fig. 3. Steady-state oxidation state of P700 (DA820/A820; panel A) and
intersystem electron pool size (MTA/STA; panel B) for warm grown
(blank columns) and cold acclimated (hatched columns) wild-type and
dgd1 mutant of A. thaliana. Each measurement is the mean ± S.E. of
3–6 leaves.2. Results
2.1. Photosynthetic capacity
Measurements of mean total daily photosynthetic CO2
assimilation for warm (23 C) grown and cold (5 C)-accli-
mated wild type (WT) and dgd1 plants show that the small
relative size of the warm grown dgd1 plants (Fig. 1) can be ex-
plained, at least in part, by lowered rates of daily net plant
photosynthesis (Table 1; P < 0.01). The dgd1 mutant main-
tained only 63% of the daily net carbon gain of warm grown
WT plants (Table 1). Parallel with the smaller plant size and
lowered carbon gain was a reduced speciﬁc leaf weight of
0.124 ± 0.002 kg m2 in dgd1 compared that of WT (0.155 ±
0.005 kg m2). Warm grown plants from both genotypes,
when cold stressed by a shift to 5 C for 2 days, showed
reduced photosynthetic activity (Table 1). However, during
growth and development at 5 C, dgd1 plants fully recovered
daily net photosynthesis such that their photosynthetic rates
after cold acclimation for 42 days are equivalent to WT
(Table 1). There was also a parallel recovery in speciﬁc
leaf weight for dgd1 leaves having similar values to WT
(0.327 ± 0.012 kg m2 and 0.302 ± 0.013 kg m2 for WT and
dgd1, respectively).
As demonstrated previously [25,34], the maximum (Fv/Fm)
and eﬀective (UPSII) quantum eﬃciencies of PSII were lowerin the warm grown dgd1 plants compared to WT (Fig. 2).
Warm grown dgd1 UPSII was reduced by 40%, and Fv/Fm re-
duced by 70% relative to WT (Fig. 2A). This resulted in high-
er regulated (UNPQ) and constitutive (UfD) thermal dissipation
for the dgd1 mutant measured at 23 C (Fig. 2C and E). As
indicated by the whole plant gas exchange study, measure-
ments of Fv/Fm (Fig. 2G and H) and UPSII (Fig. 2A and B)
showed that during cold acclimation dgd1 plants regained pho-
tosynthetic capacity and became similar to WT. Thermal dissi-
pation of absorbed energy also relaxed more rapidly in the
dgd1 plants following cold acclimation, particularly when
shifted back to the warmer measuring temperature (Fig. 2C
and D), and by day 42 values in the newly-formed rosettes
of dgd1 plants converged with those of WT. The photochemis-
try of cold acclimated dgd1 leaves was not aﬀected by a 1-h
shift from 5 C to 25 C (Fig. 2). However, when the cold accli-
mated plants were shifted back to 23 C for 2 d, photosynthesis
declined by 74% in the dgd1 plants compared to WT (Table 1;
P < 0.047). This suggests that the regression back to the dgd1
phenotype at 23 C was not an artifact of measurement tem-
perature but was the result of long-term negative eﬀects on
the stability of the thylakoid of the dgd1 mutant and thus
growth at 23 C.
2.2. PSI photochemistry
The far red (FR) light-induced absorbance decrease at
820 nm (DA820) of WT and dgd1 leaves was used to estimate
the photochemistry of PSI from warm grown and cold
acclimated leaves [35]. The extent of P700 photooxidation
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sients as DA820/A820 (Fig. 3A). The apparent electron donor
pool size to PSI was assessed by measuring single and multiple
turnover ﬂash induced DA820 under steady-state oxidation of
PSI by FR light (Fig. 3B; [36]). In non-acclimated leaves it
was clear that the relative amount of P700+ in dgd1 was only
31% of WT (Fig. 3A) and this was accompanied by a 4.5-fold
increase in the intersystem electron pool size in non-acclimated
dgd1 plants compared to WT (Fig. 3B). However following
cold acclimation, we observed a signiﬁcant increase in the rela-
tive amount of P700+ in dgd1 (Fig. 3A) and the size of intersys-
tem electron pool size was reduced in the newly formed rosette
of cold acclimated dgd1 plants to levels similar toWT (Fig. 3B).Fig. 4. Pigment, chloroplast protein and lipid composition of wild type (d) a
conditions (5 C). Total chlorophyll (A), carotenoid (C), lipid (E) and memb
chlorophyll (D), lipid/chlorophyll (F) and lipid/protein ratios (H) are presen2.3. Total pigment, lipid and chloroplast protein analyses
In order to determine whether the loss of thylakoid function in
the dgd1mutant (and its subsequent recovery) were, in part, due
to a loss (and recovery) of structural components, assays of total
chloroplast pigments, polar lipids and protein contents were
undertaken. The results demonstrated a reduction in all the
chloroplast components as partly observed by Ivanov et al.
[34]. Measurement over the cold acclimation period conﬁrmed
a parallel recovery in dgd1 plastid protein, lipid and pigment con-
tents relative to WT (Fig. 4). This recovery resulted in a conver-
gence of most parameters measured except lipid/protein and
lipid/chlorophyll ratios that surpassed WT in the dgd1 mutant
(Fig. 4).nd dgd1 mutant (s) A. thaliana plotted against time grown under cold
rane protein (G) contents as well as chlorophyll A/B (B), carotenoid/
ted. Each point is the mean ± S.E. of 3–4 measurements.
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As previously shown by Ha¨rtel et al. [25], the 23 C soil-
grown dgd1 plants showed dramatic changes to the lipid
composition of those lipids speciﬁc to the chloroplast mem-
branes (Fig. 5). Warm grown (23 C) dgd1 plants contained
less DGDG and more phosphatidylglcerol (PG) than 23 C
soil-grown WT (Fig. 5). This increased the ratio of MGDG/
(DGDG + PG + SQDG) from 1.2 to 1.49 and the ratio of
MGDG/DGDG from 2.3 to 30.2 for WT and dgd1, respec-
tively (Fig. 5). During cold acclimation, WT lost MGDG
(27%) while MGDG in dgd1 plants was more stable
(9%; Fig. 5A) such that, by day 42 the initially higher
MDGD mole fraction in WT was now similar to that of
dgd1. As expected from previous work, the mole fraction
of DGDG in the dgd1 mutant reduced by 93% compared to
WT (Fig. 5B; [25]). However, the recovery of photosynthesis
by dgd1 plants (Table 1; Figs. 2–4) during cold acclimationFig. 5. Polar lipid composition plotted against days of cold acclimation from
monogalactosyl–diacylglycerol (A); DGDG, digalactosyl–diacylglycerol (B)
(D), MGDG/(PG + DGDG + SQDG) represents the ratio of non-bilayer-t
Values for panels A–D are expressed as a mole fraction of the total lipid
determinations. Note the diﬀerence y-axis scale for each panel.was not a result of increased DGDG content in the dgd1 mu-
tant (Fig. 5B) and the mole fraction of DGDG did not change
signiﬁcantly for either the WT and dgd1 mutant during cold
acclimation (Fig. 5B). The molar ratio of DGDG/Chl signiﬁ-
cantly increased from 0.72 ± 0.05 to 1.21 ± 0.04 in wild type
(P = 0.001) but this trend was not observed in the dgd1 mu-
tant, with 0.05 ± 0.01 and 0.034 ± 0.002 (P = 0.1) for warm
grown and cold acclimated leaves. The mole fraction of PG
declined marginally by 13% and 7% for WT and dgd1, respec-
tively, although the signiﬁcantly higher PG fraction was
always maintained in dgd1 (Fig. 5C). The molar ratio of
PG/Chl was initially higher in the warm grown dgd1 mutant
compared to wild type with 0.52 ± 0.01 and 0.77 ± 0.03 for
wild type and dgd1, respectively (P < 0.001). However, this
ratio increased in cold acclimated leaves to be the same for
both genotypes of 0.87 ± 0.03 and 0.89 ± 0.03 for wild type
and dgd1, respectively (P = 0.67). The overall changes duringleaves of wild type (d) and dgd1 (s) mutant of A. thaliana. MGDG,
; PG, phosphatidylglycerol (C): SQDG sulfoquinovosyldiacylglycerol
o-bilayer-forming lipids in chloroplasts (E) and MGDG/DGDG (F).
content. Each number is the mean ± S.E. of three to four individual
Table 2
Comparison of fatty acid compositions of lipid classes extracted from leaves of wild type (WT) and dgd1mutant of Arabidopsis grown under varying
days of cold acclimation at 5 C
Days of cold acclimation Genotype Fatty acid composition
16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3
MGDG
0 WT 1.3 ± 0.1 1.8 ± 0.1 2.5 ± 0.2 36.0 ± 0.7 2.5 ± 0.1 55.8 ± 0.5
dgd1 3.9 ± 0.1 1.5 ± 0.2 3.0 ± 0.2 12.9 ± 0.3 2.4 ± 0.1 76.3 ± 0.4
21 WT 0.6 ± 0.0 0.9 ± 0.1 1.3 ± 0.1 37.7 ± 0.3 0.8 ± 0.1 58.7 ± 0.3
dgd1 0.9 ± 0.1 1.3 ± 0.2 1.4 ± 0.3 11.5 ± 0.6 0.6 ± 0.0 84.3 ± 0.6
42 WT 0.7 ± 0.2 0.9 ± 0.2 1.3 ± 0.1 39.3 ± 0.3 0.7 ± 0.1 57.1 ± 0.3
dgd1 0.5 ± 0.0 1.0 ± 0.1 1.0 ± 0.1 19.1 ± 0.3 0.5 ± 0.0 77.9 ± 0.3
DGDG
0 WT 15.0 ± 0.7 1.2 ± 0.4 1.7 ± 0.3 2.1 ± 1.2 2.6 ± 0.2 2.3 ± 0.2 5.0 ± 0.4 70.2 ± 2.9
dgd1 20.0 ± 0.3 6.5 ± 0.6 6.2 ± 0.4 5.5 ± 2.0 4.8 ± 0.6 4.3 ± 0.5 2.9 ± 0.5 49.8 ± 4.0
21 WT 11.9 ± 0.3 1.2 ± 0.1 1.4 ± 0.1 0.3 ± 0.1 2.2 ± 0.1 2.0 ± 0.1 2.1 ± 0.1 79.0 ± 0.3
dgd1 19.4 ± 1.3 4.3 ± 0.6 9.7 ± 2.9 4.5 ± 0.5 5.0 ± 0.4 4.4 ± 0.3 3.8 ± 0.7 49.0 ± 1.3
42 WT 11.0 ± 0.4 0.9 ± 0.1 0.9 ± 0.1 0.1 ± 0.0 2.6 ± 0.1 2.3 ± 0.0 1.9 ± 0.1 80.2 ± 0.7
dgd1 19.4 ± 1.8 4.0 ± 1.0 5.9 ± 1.8 5.3 ± 2.3 5.5 ± 0.3 4.8 ± 0.3 3.3 ± 0.3 51.7 ± 4.4
SQDG
0 WT 35.3 ± 1.3 4.5 ± 0.4 2.5 ± 0.3 5.4 ± 0.5 7.0 ± 0.3 45.3 ± 1.2
dgd1 40.4 ± 0.7 5.6 ± 0.9 2.8 ± 0.1 4.1 ± 0.2 4.4 ± 0.1 42.8 ± 0.3
21 WT 36.4 ± 4.4 3.5 ± 0.7 1.7 ± 04 3.4 ± 1.0 6.6 ± 2.8 48.3 ± 1.3
dgd1 35.2 ± 1.9 5.0 ± 0.7 2.7 ± 0.3 3.5 ± 0.4 3.9 ± 0.6 49.7 ± 1.9
42 WT 34.0 ± 1.5 1.7 ± 0.2 1.5 ± 0.1 2.9 ± 0.3 7.2 ± 1.7 52.7 ± 0.9
dgd1 30.7 ± 3.4 4.6 ± 0.6 2.8 ± 0.6 3.1 ± 0.8 4.9 ± 1.3 53.1± 2.2
PGa
0 WT 28.4 ± 0.5 24.3 ± 0.6 1.0 ± 0.1 6.5 ± 0.3 7.8 ± 0.5 32.1 ± 1.1
dgd1 26.7 ± 1.0 28.9 ± 1.0 0.8 ± 0.1 5.2 ± 0.5 7.6 ± 0.1 30.8 ± 0.6
21 WT 34.4 ± 0.4 18.5 ± 0.6 0.6 ± 0.1 2.0 ± 0.1 5.5 ± 0.3 38.9 ± 0.3
dgd1 36.9 ± 0.7 16.2 ± 0.7 0.4 ± 0.1 1.3 ± 0.2 4.6 ± 0.5 40.5 ± 0.4
42 WT 40.7 ± 0.8 10.1 ± 0.5 0.6 ± 0.1 1.9 ± 0.1 6.4 ± 0.3 40.2 ± 0.5
dgd1 43.2 ± 0.4 9.6 ± 0.4 0.5 ± 0.1 1.4 ± 0.2 5.0 ± 0.4 40.3 ± 1.0
Each value is the mean percentage ± SE of 3–4 samples.
aNote that the 16:1 fatty acid reported for PG is the trans-3-hexadecenoic acid.
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membrane resulted in a signiﬁcant exacerbation of the diﬀer-
ence between the ratios of MGDG/(PG + DG + SQDG) and
MGDG/DGDG rather than a convergence as might have
been expected from the recovery of photosynthesis in the
dgd1 mutant (Fig. 5).
The fatty acid (FA) compositions of the major lipids of the
thylakoid during the course of cold acclimation are shown in
Table 2. The major fatty acids in these lipids are palmitic
(16:0), palmitoleic (16:1), stearic (18:0), oleic (18:1), linoleic
(18:2) and linolenic (18:3) acids. For the most part, the FA
compositions were similar between WT and dgd1 (Table 2).
Cold acclimation caused a convergence of mole percentages
in the FAs palmitoleic MGDG, linolenic MGDG and a diver-
gence in the FAs palmitoleic DGDG and stearic SQDG
between WT and dgd1 (Table 2). A lowering of the trans-D3-
hexadecenoic PG occurred in both genotypes and was more
extreme for dgd1 than WT. The reduction of the ratio of
trans-D3-hexadecenoic PG to palmitic PG was consistent with
results from cold-grown winter rye [37].3. Discussion
The results of this study demonstrate that during cold accli-
mation the dgd1 mutant was able to recover PSII and PSI
photochemistry, photosynthetic CO2 uptake capacity andthylakoid pigment composition equivalent to WT (Table 1;
Figs. 2–5). We also show that this amelioration of the dgd1
phenotype and recovery in photosynthetic competence was
not correlated with an increase in DGDG content in the
dgd1mutant at the low growth temperature (Table 2). Further-
more, when the low temperature grown dgd1 rosettes were
shifted back to warm conditions, daily CO2 uptake declined
in the dgd1 mutant over a period of 2 days and the dgd1 im-
paired photosynthesis phenotype reappeared. The recovery
of the dgd1 phenotype at low temperature without any change
in DGDG content suggests that the eﬀects of reduced thyla-
koid DGDG content are not speciﬁc to the properties of
DGDG per se but rather that the global physical properties
of the thylakoid membrane are aﬀected by a reduction of
DGDG relative to the other major membrane lipids. This
‘non-speciﬁc’ eﬀect is oﬀset by reduced temperature. If the ef-
fect of reduced DGDG in the thylakoid of the dgd1 mutant is
non-speciﬁc, then earlier conclusions ascribing DGDG as the
limiting factor for PSII or PSI structure and function in this
dgd1 mutant under warm growth conditions need to be re-
interpreted as a response to the integrated physical properties
of the thylakoid membrane [33,34].
It has been suggested that lateral heterogeneity of thylakoid
membranes arises from the tendency of LHCII to aggregate in
ordered granal stacks and then from steric constraints on the
occupancy of appressed membranes by PSI and ATP synthase
[38,39]. The vertical lumenal gap in stacked grana varies
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volume may occur during light acclimation [40]. The presence
of relatively more MGDG in the thylakoid bilayer in the dgd1
mutant would allow, at warm temperatures, a greater curva-
ture of the granal end margins thus reducing the area available
for PSI assembly in the thylakoid margins. Corroboration
can be found in Do¨rmann et al. [24] where the grana/plastid
ratio was signiﬁcantly higher in dgd1 than wild type despite
similar ratios of appressed/non-appressed thylakoids. This sug-
gests that the tighter curvature of the margins allowed more
stacking in the same-sized plastids. If the strongly curved mar-
gins of the stacked membranes are protein-free [40], then this
hypothesis may still be valid if the tighter margin hairpin turns
result in increased steric hindrance of the PSI stromal ridge
from nearby curved grana or stromal lamellae. This grana
margin curvature hypothesis would explain the acceptor side
limitation and greater stromal subunit instability of existing
PSI complexes in warm grown dgd1 (Fig. 3; [33,34]). This
grana margin curvature hypothesis can also explain the phe-
nomena of limited state transitions and increased cyclic elec-
tron transport around existing PSI as discussed by Ivanov
et al. [34]. Higher intrinsic curvature and tighter hairpin turns
of the granal margins may also be restricting lumenal volume
at warm temperatures, which may have signiﬁcant eﬀects on
the donor-side of PSII [29,40].
In addition to steric hindrance and reduced insertion sites,
the potential for hydrophobic mismatch of intrinsic proteins
may be greater for warm grown dgd1 compared to either wild
type or cold acclimated dgd1. Any positive mismatch between
lipid hydrophobic length and protein hydrophobic length that
arise from enrichments in MGDG and/or anionic PG can dis-
tort the lipid bilayer or the protein suﬃcient to exclude protein
from the lipid bilayer altogether or aﬀect membrane packing
enough to aﬀect protein complex stability [41,42]. Positive
hydrophobic mismatch can increase local bilayer bending
around the proteins potentially exacerbating our proposed ste-
ric hindrance/insertion site problem [42]. This leads us to sug-
gest that in our study the reduced insertions sites for, and
membrane curvature stress and hydrophobic mismatch of,
PSI core proteins such as psaA, B, H and L (all of which are
reduced in amounts) are excluded from the margins of the
dgd1 mutant. This model explains the presence of the incom-
plete PSI complexes in the thylakoid; complexes are synthe-
sized but are unable to be inserted into the granal margins [33].
The above model might explain the speciﬁc exclusion of PSI
at warm growth temperatures but begs the question of how
low temperature ameliorates the dgd1 phenotype. The overall
shape of a lipid is not only deﬁned by acyl chain and lipid head
group composition but also by environmental factors such as
pH and temperature [10]. At low temperatures lipid molecules
are packed more tightly together and the acyl chains are both
more highly ordered and more extended corresponding to a
thicker bilayer [43]. Thus at lower temperatures the shrinkage
of MGDG and other membrane lipids reduces curvature stress
and would retard positive hydrophobic mismatch of intrinsic
PSI proteins [42]. The curvature of the membrane would there-
fore be reduced in the dgd1mutant, causing the initial recovery
of the dgd1 phenotype after a shift to low temperature, and
allowing more lipid to be inserted into newly formed thylakoid
membrane that presumably represents the more complete
longer-term recovery of the dgd1 phenotype (and even larger
MGDG/(DGDG + PG + SQDG); Fig. 5). The recovery ofthe oxidation state of P700+ and reduced PSI spill-over to PSII
at low growth temperatures (Fig. 3) support the hypothesis
that assembly of PSI is improved and that steric hindrance
of the stromal ridge of PSI is reduced without an increase in
the DGDG content in Arabidopsis leaves. We conclude that
low growth temperature itself ameliorates a non-speciﬁc eﬀect
of reduced DGDG whereby PSI is prevented from assembling
or properly functioning due to steric hindrance and/or hydro-
phobic mismatch in the grana margins.4. Materials and methods
Seeds of the wild type (WT) of A. thaliana ecotype Col-2 and the
dgd1 mutant deﬁcient in one of the major acyl lipids of the thylakoid
membrane, DGDG [24], were sown in soil and placed in a controlled
environment chamber maintained under 8/16-h day/night cycle
(150 lmol photons m2 s1) at 23/18 C (day/night) and a relative
humidity of 75%. Experiments were performed on 11-week-old plants.
For cold acclimation the day/night temperature was changed to 5/5 C,
all the other conditions were unchanged. Measurements on the last
date were performed on cold developed leaves. Plants were watered
with a high P complete nutrient solution (Blomstra, Cederroth, Swe-
den) every 3–4 d as required.
Total daily net leaf photosynthesis was measured in warm grown
and cold acclimated WT and dgd1mutants using a purpose-built whole
plant gas exchange system [44]. Prior to measurement all dead leaves
and surface soil algae were removed from each pot. In the case of cold
acclimated plants only the newly developed rosettes were left on each
plant. Eight whole plants were placed in separate water-jacketed cham-
bers, four of which were temperature controlled to a soil temperature
of 23 C and the other four controlled to 5 C using water baths.
Growth conditions were otherwise the same as described above. Each
chamber was connected to a single CO2 analyzer (LI-COR 6262, LI-
COR, Lincoln, NE, USA) by means of an electronically controlled cir-
cuit pump allowing regular measurement of all eight chambers every
15 min. Pots containing only soil and roots from equivalent aged
plants were measured to correct for root and soil respiration at each
temperature. Gas exchange was measured for 1–2 days subsequent
to which the shoot was harvested for shoot weight and area measure-
ments. Only the previous 24 h of gas exchange measurements were
used for calculation of net daily photosynthesis on a shoot area basis.
For pigment analyses, 0.1 g of leaf segment was frozen in liquid nitro-
gen. The frozen leaf segments were homogenized in 80% acetone buf-
fered with 25 mM HEPES and the homogenate was centrifuged at
800 g for 3 min. The supernatant was used for spectrophotometric esti-
mation (Shimadzu MPS-2000, Shimadzu Europe Ltd., Duisburg, Ger-
many) of chlorophylls and carotenoid content per leaf fresh weight [45].
For lipid analysis, 0.2 g of fresh leaves were heated for 10 min at 80 C
in isopropanol and stored at 20 C or 80 C. Before extraction, the
isopropanol was evaporated under a stream of nitrogen. The remaining
material was homogenized in methanol:0.73% NaCl, 4:1 (v/v), and the
lipids were extracted [46]. The individual lipids were isolated by TLC
and quantiﬁed from their acyl group composition [19], except that the
trans-esteriﬁcation of the fatty acids were performed at 80 C in 5%
H2SO4 in dry methanol for 2 h. The integrator was exchanged for an
SP4270/4290 integrator (Spectra-Physics, San Jose, CA, USA).
Thylakoid samples were assayed for protein content using a modi-
ﬁed Lowry et al. [47] method (Bio-Rad DC Protein Assay, Bio-Rad
Laboratories, USA). Leaf material was homogenized in 20 mM
HEPES, 0.6 M sorbitol, 75 mM glucose, 10 mMMgCl2, 1 mM EDTA,
10 mM NaCl at pH 7.4, squeezed through two layers of 20 lM mira-
cloth and the spun at 10000 · g. The pellet was re-suspended in dH2O,
re-spun at 10000 · g and then pellet re-suspended in the above buﬀer.
All extractions were undertaken on ice or at 4 C. Standard and sam-
ples absorbance change was measured at 750 nm in a spectrophotom-
eter (SpectraMAX 190, Molecular Devices, USA). In all cases total
chloroplast lipids, pigments and proteins were expressed on a per leaf
fresh weight basis.
In vivo chlorophyll ﬂuorescence was measured using a modulation
ﬂuorometer PAM 101–103 (Heinz Walz GmbH, Eﬀeltrich, Germany)
from the adaxial side of leaf segments. All measurements were per-
L. Hendrickson et al. / FEBS Letters 580 (2006) 4959–4968 4967formed after 1 h acclimation to darkness at the temperature at which
the plants were grown (23 C or 5 C). In both the light and dark accli-
mated state, the minimal ﬂuorescence intensity was measured by ana-
lytic modulated light, the maximal ﬂuorescence intensity by saturating
pulses (ﬂash light intensity 4000 lmol photons m2 s1) of 0.8 s (1 s
for dgd1 mutant) duration. The maximal photochemical eﬃciency of
PSII photochemistry in the dark acclimated state was evaluated as
Fv/Fm = (Fm  Fo)/Fm. After 25 min (40 min for dgd1 mutant) acclima-
tion to white actinic light (150 lmol quanta m2 s1) and ambient O2
and CO2 steady-state was reached. After the F
0
m (maximal chlorophyll
ﬂorescence in light-acclimated state) measurement the actinic light was
switched oﬀ and FR light was applied for 30 s in order to measure the
minimal ﬂuorescence intensity in the light-adapted state ðF 0oÞ. Fluores-
cence parameters were used to calculate UPSII, UNPQ and Uf,D that are
quantum eﬃciencies of photochemistry, regulated thermal dissipation
and constitutive thermal dissipation, respectively [48].
The redox state of P700 was determined in vivo under ambient O2
and CO2 conditions using a PAM-101 modulated ﬂuorometer
equipped with a dual wavelength emitter-detector ED-P700DW unit
and PAM-102 units as described in detail by Ivanov et al. [35]. Far
red light (FR; kmax = 715 nm, 10 W m
2, Schott ﬁlter RG 715) was
provided by a FL-101 light source. The redox state of P700 was eval-
uated as the absorbance change around 820 nm (DA820/A820) in a cus-
tom-designed cuvette. The transient reduction of P700+ signal after
application of single (ST) and multiple (MT) turnover ﬂashes of white
saturating light was used for estimation of the intersystem electron
pool size [35,36].
Sample testing was based on a randomized-block sampling strategy.
Statistical comparison of means included independent two-sample t
tests and one- or two-way analysis of variance using Origin statistical
software (OriginPro v7.0220, OriginLab, MA, USA). The number of
replicates was 3-6. AP-value of less than 0.05 was considered signiﬁcant.
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